The genes encoding the /?-subunits of ATP-synthases (ATPases) from Bacteroides fragilis DSM 21 51, Cytophaga lytica DSM 2039 and 'Taxeobacter ocellatus' were cloned. The nucleotide sequences were determined completely for the genes of the first two organisms and to a major part for that of 'T. ocellatus'. The predicted amino acid sequences were compared with previously published amino acid sequences of /?-subunits. Two characteristic insertions were found in genes from organisms belonging to the so-called bacteroides-cytophaga-flavobacterium group. The remaining structure shows a high degree of sequence similarity within this group. These data support the conclusions drawn from comparative 16s rRNA sequence analyses that organisms in this phenotypically heterogeneous group are phylogenetically related. A phylogenetic tree was constructed based on a distance matrix of optimally aligned amino acid sequences of /?-subunits of ATPases of various eubacteria, chloroplasts and mitochondria. It is in good agreement with a tree derived from 16s rRNA sequence analyses.
INTRODUCTION
Animals and plants are rich in complex morphological detail and fossil records which can serve as a basis for phylogenetic classification. Prokaryotes, on the other hand, have a rather simple morphology and lack in general fossil records. The phylogenetic relationships of prokaryotes have to be deduced from sequence comparisons of macromolecules that are widely distributed, show a high degree of functional constancy are sufficiently conserved to span the full evolutionary spectrum. The present view of the phylogenetic relationship of prokaryotes is almost exclusively based on data from one class of macromolecules, the ribosomal ribonucleic acids (Woese, 1987) . However, in order to manifest and complete the current picture it is necessary to give it a broader base by incorporating data from other conserved macromolecules.
Eubacteria, mitochondria and chloroplasts contain a proton-translocating ATP-synthase (ATPase) complex (Futai & Kanazawa, 1983) . The complex is composed of two portions, designated F1 and Fo. Fo is intrinsic to the membrane and forms a proton channel. F1 is an extrinsic membrane protein complex composed of five subunits of which one, the /?-subunit, contains the catalytic site of the enzyme. The primary structure of the /3-subunit seems to be highly conserved throughout evolution (Walker et al., 1984; Tybulewiez et al., 1984; Falk et al., 1985; Zilberstein et al., 1986; Kagawa et al., 1986; Curtis, 1987; Cozens & Walker, 1987; Amann et al., 1988) . Since it is also widely distributed among eubacteria and shows functional constancy, it should be an ideal macromolecule for deducing the phylogenetic relationship of bacteria.
Many microbial taxonomists are not convinced that phenotypically dissimilar groups of bacteria, such as the anaerobic, generally pleomorphic, non-motile bacteroides and the aerobic, rod-shaped flavobacteria and gliding cytophaga should form a phylogenetically coherent unit (Paster et al., 1985; Weisburg et al., 1985) . These organisms represent, according to the 16s
We recently demonstrated that the gene encoding the fl-subunit of the ATPase from Flavobacterium ferrugineum exhibits an additional 99 bases as insertions at two different locations hitherto not found in corresponding genes from other eubacteria (Amann et al., 1988) . In the present study, we cloned and sequenced the genes encoding the /?-subunit of ATPase from Bacteroides fragilis DSM 21 5 1, Cytophaga lytica DSM 2039 and 'Taxeobacter ocellatus' (Reichenbach, Braunschweig, FRG ; data not shown). According to 16s rRNA cataloging all these organisms belong to the so-called bacteroides-cytophaga-flavobacterium phylum (Woese, 1987) . Fig. 1 shows an alignment of the nucleotide sequences of the /?-subunit genes of Bacteroides fragilis and Cytophaga lytica and of their predicted amino sequences in comparison to that of Flavobacterium ferrugineum and E. coli. The nucleotide sequences of the /?-subunits of the two latter organisms have been published previously (Amann et al., 1988; Saraste et al., 1981) . The sequences of the organisms belonging to the bacteroides-cytophaga-flavobacterium group are longer than their E. coli counterpart. In particular, they contain a large insertion (position 631-712, Fig. l) , and a small insertion (position 808-822) in the same regions when compared to those of E. coli and other eubacteria. Hydrophilicity profiles (data not shown) are very similar, indicating the insertions represent rather hydrophilic regions. The insertions cluster within or between the postulated nucleotide binding regions without changing their conserved sequences (Kagawa et al., 1986; Curtis, 1987) . The hydrophilic nature of the insertions is an indication that these regions may occur on the surface of the protein. The lengths of the two insertions (27 and 5 amino acids, respectively) are identical within the /?-subunit genes of Bacteroides, Cytophaga and Sequence analysis of P-subunit of A TPase genes Flavobacterium (Fig. 1 ). In the case of the large insertion, remarkable sequence similarity can be seen (444-70.4%). The same characteristic insertions were also found in the P-subunit gene of ' Taxeobacter ocellatus' (data not shown). The sequence idiosyncrasies in the P-subunit genes together with the high degree of sequence similarity of the remaining structure support tKe previous proposal that the aerobic Flavobacterium, Cytophaga and ' Taxeobacter' form a phylogenetically coherent unit with the anaerobic Bacteroides. Previously published amino acid sequences of P-subunits of ATPase from various eubacteria, mitochondria and chloroplasts (Amann et al., 1988; Runswick & Walker, 1983; Shinozaki et al., 1983) were aligned with our data and a phylogenetic (distance matrix) tree was constructed (Fig.  2) . This tree resembles those derived from 16s rRNA sequence (Woese, 1987) or oligonucleotide analyses. A clear separation of three eubacterial phyla (purple bacteria, cyanobacteria, and bacteroides plus relatives) can be seen. The mitochondria1 sequence clusters with the purple bacteria. The latter exhibit a deep branching between representatives of the alpha-(Rhodospirillum rubrum) and the gamma-subgroups (E. coli, Enterobacter aerogenes). The chloroplast gene clusters with the cyanobacteria. The Gram-positive spore-forming thermophilic strain PS3 shows a deep branching within the cyanobacterial cluster. Flavobacterium ferrugineum and Cytophaga lytica group together somewhat distant from Bacteroides fragilis, as is also seen from rRNA data (Woese, 1987) .
Phylogenetic trees were also derived from analysis of the nucleotide sequences. They were very similar to that derived from the amino acid sequences. Slight differences in the tree topology were mainly caused by differences in the G + C content of the various genes.
Our study shows that comparative sequence analysis of genes of /?-subunits of ATPases provides valuable information on the phylogenetic relationship of bacteria. The P-subunit genes of ATPase are ubiquitous among eubacteria, the gene product is functionally constant and the sequence is highly conserved. Moreover, it can have sequence idiosyncrasies that are only found in a distinct line of descent. The /3-subunit of ATPase also has the advantage that it is functionally unrelated to rRNA. If analyses of such unrelated macromolecules yield similar phylogenetic trees, it is a strong indication that the trees reflect the evolution not only of certain macromolecules but of the organisms themselves.
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